Three palladium catalysts supported on graphene oxide (GO) and on its composite with TiO 2 (GO-TiO 2 ) were prepared and characterized. The presence of Pd NPs of different diameters (4-89 nm) and size distributions was evidenced by TEM measurements. GO-supported palladium efficiently catalysed the carbonylative coupling of iodobenzenes with aryl boronic acids forming relevant diarylketones at 1 atm CO. The highest activity and recyclability were obtained for Pd/GO-TiO 2 . The emission behaviour of Pd/GO and Pd/GO-TiO 2 catalysts indicated structural changes occurring during the catalytic reaction.
Introduction
Carbon-based materials, such as graphene oxide (GO), reduced graphene oxide, multi-walled carbon nanotubes, and single-walled carbon nanotubes have already found many applications due to their physical and mechanical properties [1] [2] [3] [4] . In particular, the electronic and optic properties of GO can be controlled by the ratio of the sp 2 -to-sp 3 hybridized carbons [5] [6] [7] [8] . This is important for applications of GO in material chemistry and technology as transistors or sensors. Graphene oxide (GO) is also a promising material for the development of new immobilized metal catalysts, in particular containing palladium as an active phase [9] [10] [11] . The immobilization of the catalyst enables its efficient separation from organic products and use in subsequent catalytic runs. For these functions, the support should perfectly stabilize catalytically active palladium forms and prevent their leaching to the solution. Porous GO materials with a layered structure containing different functional groups able to form stable bonds with metals meet these expectations perfectly. In addition, a high surface-to-weight ratio, low mass density, and accessibility of differently modified centres make it possible to select GO for catalytic applications. The successful use of Pd/GO in the Suzuki-Miyaura reaction has been reported [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . Not only high conversion but also good catalyst recyclability have been achieved. Only one example of the use of Pd/GO in the carbonylative Suzuki-Miyaura coupling leading to aryl ketones has so far been reported [26] .
Because the interatomic distance of Pd (0.225 nm) is close to the honeycomb spacing in graphene (0.240 nm), bonding between Pd and GO is possible [27] . The introduction of Pd to GO resulted in a decrease in the number of oxygen functional defects, while the number of sp 2 carbon atoms and delocalized π-electrons increased. The change of the GO structure led to the modification of its optical properties including photoluminescence. Further changes of the optical properties could be expected as a result of the structural changes of the Pd/GO composite under catalytic conditions, but this aspect has not been studied yet.
Our studies aimed at the synthesis of Pd/GO and Pd/GO-TiO2 catalysts and testing their activity in the carbonylative Suzuki-Miyaura coupling. By the introduction of TiO2 to the GO support, we expected to increase the stability and recyclability of the palladium catalyst. Moreover, the presence of TiO2 increased the photocatalytic activity of GO [28, 29] . The structural characteristics of the GOimmobilized palladium catalysts were obtained using different methods, including measurements of emission spectra. It was expected that the emission behaviour of the studied samples would be helpful in understanding the structural changes of the catalyst during the catalytic process.
Results and discussion
Two catalysts supported on GO, Pd/GO-A and Pd/GO-B, were obtained by different procedures. Pd/GO-A was prepared from PdCl2 as the palladium source, in an acetonitrile solution at RT without any additional reducing agent. The TEM analysis evidenced the presence of 34-89 nm Pd NPs, partially agglomerated ( Figure 1 ). Characteristic lines of the crystalline Pd NPs and GO were observed in the XRD picture ( Figure 2 ). The second palladium catalyst, Pd/GO-B, was obtained according to the literature method [24] , using Pd(OAc)2 as the substrate and a sonication step as part of the synthetic procedure. The obtained composite, Pd/GO-B, contained Pd NPs of ca. 8-9 nm in diameter with a relatively narrow size distribution ( Figure 3 ). The palladium content in Pd/GO-B was higher than in Pd/GO-A according to the ICP analysis. On the other hand, an EDX analysis showed lower Pd content values on the surface of Pd/GO-B than on the surface of Pd/GO-A. as a result of the structural changes of the Pd/GO composite under catalytic conditions, but this aspect has not been studied yet.
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Catalytic activity of Pd/GO
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Catalytic activity of Pd/GO
The activity of Pd/GO and Pd/GO-TiO2 catalysts was investigated in the carbonylative SuzukiMiyaura cross-coupling of 4-iodoanisole with phenylboronic acid at 1 atm of CO ( Figure 4 , Table 1 ). Under the applied conditions, all the catalysts studied showed a high activity and good selectivity to the desired ketone. The Pd/GO-A with the lowest palladium content (0.26 wt%) and agglomerated Pd NPs presented the lowest catalytic activity, while the Pd/GO-B containing smaller and dispersed Pd NPs gave a slightly higher conversion. Among these three catalysts, Pd/GO-TiO 2 turns out to present the highest catalytic activity with a conversion 95% and a selectivity to ketone of 94%. These results were also better than those obtained using a commercial Pd/C catalyst (88% conversion).
Optimization of the Reaction Conditions for Pd/GO-TiO 2
The influence of the reaction parameters, such the amount of the base, temperature and reaction time, was studied for the Pd/GO-TiO 2 catalyst (Table 2) . A reaction time of 4 h was sufficient for the maximum 95% conversion, while 81% was achieved after 3 h. Lowering the amount of K 2 CO 3 from 3 to 1 mmol resulted in a conversion decrease to 77% due to a less efficient transmetallation process. Changing the solvent from anisole to dioxane caused a decrease in conversion, while water promoted the formation of the Suzuki-Miyaura product.
The influence of the daylight was also investigated considering possible photoactivation with TiO 2 . However the results obtained with or without exposure to light were practically the same.
Substrate Screening in the Carbonylative Suzuki-Miyaura Coupling
The optimized reaction conditions were next used in investigations of reactions with different aryl iodides and aryl boronic acids catalysed by the Pd/GO-TiO 2 catalyst ( Figure 5 , Table 3 ). The Pd/GO-TiO2 catalyst also provided very good results in both conversion and selectivities by using different aryl iodides and aryl boronic acids under the optimized reaction conditions. The best conversions were achieved using 4-methyl-1-naphthaleneboronic acid, phenylboronic acid, 2-iodothiophene, and 1-iodonaphthalene (entries 1, 4, 6, 7). The highest selectivity to ketone was obtained by using 3-vinyl-phenylboronic acid and phenylboronic acid (entries 2, 4).
Figure 5. The carbonylative Suzuki-Miyaura reaction. Reaction conditions: iodoarene (1 mmol), arylboronic acid (1.2 mmol), Pd/GO-TiO2 0.2 mol%, 3 mmol K2CO3, 1 atm CO, 5 mL anisole, 4 h, 100 °C. a Determined by GC using dodecane as the internal standard. b Yield of the isolated product.
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All in all, conversions up to 97% as well as selectivity to ketone up to 94% could be achieved using a Pd/GO-TiO 2 catalyst.
Recycling of Pd/GO-B and Pd/GO-TiO 2 Catalysts
Attempts at catalyst recycling were performed for Pd/GO-B and Pd/GO-TiO 2 ( Table 4 ). The first carbonylative Suzuki-Miyaura reaction was carried out under the given reaction conditions. Next, the organic products were extracted with hexane, and a new portion of the reactants was added to the catalyst remaining in the anisole solution. The activity of the Pd/GO-B catalyst decreased rather fast in subsequent runs, and conversion dropped from 87% in the first reaction to 48% in the third one.
In contrast, Pd/GO-TiO 2 was more stable, and a conversion decrease from 97% to 80% was noted after four runs. During recycling, some decrease of the selectivity to ketone was observed as a result of 2-methylbiphenyl, the product formed by the normal Suzuki-Miyaura coupling. The observed decrease of catalytic activity during recycling can be explained, at least partially, by the loss of some palladium during extraction of products. It should also be stressed that the recycling experiments were performed using only 0.17% of Pd/GO-TiO 2 .
In order to determine whether the Pd nanoparticles are responsible for the catalytic activity, the mercury test was performed [30] . According to the literature, the addition of Hg(0) to the reaction mixture should result in the formation of inactive Pd/Hg amalgam and retarding of the catalytic process. When 500-fold excess of Hg(0) was added to the catalytic system together with substrates, no conversion of iodobenzene was noted. Therefore, it is reasonable to conclude that in this reaction palladium nanoparticles are involved in the catalytic process taking place on their surface. On the other hand, SEM/EDX analyses shown small decrease of Pd content on the surface of Pd/GO-TiO 2 from 0.2-0.25 atom% before catalytic reaction to 0.2-0.22 atom% after the reaction, indicating on possible palladium leaching. In conclusion, we propose contribution of both, palladium nanoparticles and underligated palladium species, in the catalytic process.
Luminescent Studies of Pd/GO Catalysts
After the characterization of the catalytic properties of palladium supported on GO materials, spectroscopic studies were undertaken to get deeper knowledge about structural changes occurring during the reaction (see Figure 6 ). We used excitation lines (λ ex = 300, 445, 488, 800 nm) similar to those in the excitation of graphene ceramics. In the case of GO emission, the observed shapes of emission bands were similar regardless of the excitation lines used. However, their intensities were different. For example, the intensity of the emission for λ ex = 488 nm was significantly lower for GO-TiO 2 than for GO, due to the recombination decrease in the electron-hole process after C-Ti bond formation.
The addition of Pd to GO and GO-TiO 2 materials caused a remarkable increase in emission intensity for λ ex = 800 nm and 445 nm. The same effect was also noted using λ ex = 488 nm for GO-TiO 2 , while grafting of Pd on GO did not change this emission intensity. The enhanced blue emission after the introduction of Pd indicated the reduction of GO and increase in the number of π-electrons [27] .
Further changes of emission spectra were observed in samples recovered after the catalytic process. A comparison of emission spectra of Pd/GO-TiO 2 before and after the catalytic reaction (Pd/GO-TiO 2 -R) showed a significant decrease in emission intensity at λ ex = 445 and 488 nm. For 800 nm, however, the line became broader, and its intensity decreased only slightly. Significant changes were detected in the shapes and intensities of the lines in the spectra of Pd/GO and Pd/GO-R. In all three experiments, the emission lines measured for the post-reaction samples (Pd/GO-R) presented the highest intensity. It is worth noting that the reactants used in the catalytic process did not emit in the studied spectra range. Therefore, the observed changes can be interpreted in relation to the structural changes of Pd/GO catalysts. The addition of Pd to GO and GO-TiO2 materials caused a remarkable increase in emission intensity for λex = 800 nm and 445 nm. The same effect was also noted using λex = 488 nm for GO-TiO2, while grafting of Pd on GO did not change this emission intensity. The enhanced blue emission after the introduction of Pd indicated the reduction of GO and increase in the number of π-electrons [27] .
Further changes of emission spectra were observed in samples recovered after the catalytic process. A comparison of emission spectra of Pd/GO-TiO2 before and after the catalytic reaction (Pd/GO-TiO2-R) showed a significant decrease in emission intensity at λex = 445 and 488 nm. For 800 nm, however, the line became broader, and its intensity decreased only slightly. Significant changes were detected in the shapes and intensities of the lines in the spectra of Pd/GO and Pd/GO-R. In all three experiments, the emission lines measured for the post-reaction samples (Pd/GO-R) presented the highest intensity. It is worth noting that the reactants used in the catalytic process did not emit in the studied spectra range. Therefore, the observed changes can be interpreted in relation to the structural changes of Pd/GO catalysts.
The analysis of emission spectra indicated different behaviours of Pd/GO-TiO2 and Pd/GO under the catalytic conditions (see Supplementary Materials). The observed decrease in line intensities observed for Pd/GO-TiO2 can be explained by a decrease in the number of sp 2 clusters in the GO composite. Although the mechanism of the emission process is not fully explained, the observed effects suggested the participation of the GO-TiO2 support in the catalytic reaction. Such synergistic interaction of palladium and the support can increase the catalytic activity and stability of the Pd/GOTiO2 catalyst. The analysis of emission spectra indicated different behaviours of Pd/GO-TiO 2 and Pd/GO under the catalytic conditions (see Supplementary Materials). The observed decrease in line intensities observed for Pd/GO-TiO 2 can be explained by a decrease in the number of sp 2 clusters in the GO composite. Although the mechanism of the emission process is not fully explained, the observed effects suggested the participation of the GO-TiO 2 support in the catalytic reaction. Such synergistic interaction of palladium and the support can increase the catalytic activity and stability of the Pd/GO-TiO 2 catalyst.
Experimental

Synthesis of Pd/GO-A
Graphene oxide (GO, 0.2 g) [31] was placed in a 50 mL flask, and 10 mL of dry acetonitrile was added. In a second 50 mL flask, the PdCl 2 (MeCN) 2 complex (0.1 g) was solved in 20 mL of dry acetonitrile. The solution of the palladium complex was slowly added to the stirred solution of GO under a nitrogen atmosphere. The reaction mixture was stirred for 1 day at RT. Next, the solution was filtered, and the obtained solid was washed with diethyl ether (20 mL) and acetonitrile (15 mL) and dried. Yield: 166 mg. The palladium content (according to ICP analysis) was 0.26 weight %. The Pd/GO-A was also analysed by TEM, SEM, and XRD (Figures 1, 2 and 7) .
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Synthesis of Pd/GO-B
Graphene oxide (GO, 0.2 g)) [31] and Pd(OAc)2 (0.1 g) were dissolved in 40 mL of dry toluene under a nitrogen atmosphere. The reaction mixture was sonicated for 50 min, heated under reflux for 1 h, and then stirred for 1 day at RT. Next, the solution was filtered, and the obtained solid was washed with diethyl ether (15 mL), ethanol (15 mL). and acetone (10 mL) and dried. Yield: 152 mg. The palladium content (according to ICP analysis) was 4.95 weight%. The Pd/GO-B was analysed by TEM, SEM, and XRD (Figures 3,8,9 ). 
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Synthesis of Pd/GO-TiO 2
Titanium-dioxide-modified graphene oxide (GO-TiO 2 , 0.346 g) [28] was placed in a 50 mL flask, and 10 mL of dry acetonitrile was added. In a second 50 mL flask, the PdCl 2 (MeCN) 2 complex (0.173 g) was dissolved in 20 mL of dry acetonitrile. The solution of the palladium complex was slowly added to the stirred solution of GO-TiO 2 under nitrogen atmosphere. The reaction mixture was stirred for 1 day at RT. Next, the solution was filtered, and the obtained solid was washed with diethyl ether (20 mL) and acetonitrile (15 mL) and dried. Yield: 322 mg. The palladium content (according to ICP analysis) was 1.21 weight%. The Pd/GO-TiO 2 was analysed by TEM, SEMs and XRD (Figures 10 and 11 ).
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Electron absorption and emission spectra
Room temperature electron absorption spectra were measured in the 200-1500 nm spectral range using a Cary-Varian 5E UV-VIS-near-IR spectrophotometer (Palo Alto, CA, USA). In the case of a weak signal of the spectrum, the spectrophotometer was switched to measurements in the reflectance mode.
Emission spectra were achieved using an excitation source consisting of a femtosecond laser (Coherent Model "Libra") coupled to an optical parametric amplifier (Light Conversion Model "OPerA"). The system delivers 100 fs pulses at a repetition rate regulated up to 1 kHz at a wavelength tuned between 230-2800 nm. The excitation light was focused on samples using lens with a focal length of 15 cm. The sample luminescence was observed in the direction perpendicular to the excitation beam. Appropriate long-pass filters were used to eliminate unwanted radiation. Emission spectra and luminescence decay curves were recorded with a grating spectrograph (Princeton Instr. Model Acton 2500i, Princeton, NJ, USA) coupled to a streak camera (Hamamatsu Model C5680, Tokyo, Japan), operating in the 200-1100 nm spectral region with a temporal resolution of 20 ps. A number of excitation laser sources were used, from the visible (VIS) up to the near-infrared (NIR) regime: added to the stirred solution of GO-TiO2 under nitrogen atmosphere. The reaction mixture was stirred for 1 day at RT. Next, the solution was filtered, and the obtained solid was washed with diethyl ether (20 mL) and acetonitrile (15 mL) and dried. Yield: 322 mg. The palladium content (according to ICP analysis) was 1.21 weight%. The Pd/GO-TiO2 was analysed by TEM, SEMs and XRD (Figures 10-11 ). 
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GC-FID and GC/MS measurements of organic products were performed using an HP5890 (Hewlett Packard, Palo Alto, CA, USA) instrument with a 5971A mass detector. Organic products were separated by flash chromatography (CombiFlash Rf 200, Changzhou, China) on silica gel.
ICP measurements of the palladium content were performed using an ARL 3410 model spectrometer. TEM measurements were carried out using a FEI Tecnai G 2 20 X-TWIN electron microscope operating at 200 kV (Waltham, MA, USA).
Conclusions
The nanosize palladium catalysts, supported on GO and GO-TiO 2 were prepared from PdCl 2 (MeCN) 2 and Pd(OAc) 2 . An effect of the palladium precursor and the synthetic method on the structure of the catalyst was confirmed by physicochemical methods. The introduction of Pd to the GO matrix resulted in an increase in photoemission due to an increase in the number of sp 2 centres. The GO-supported palladium exhibited high activity and selectivity in the carbonylative Suzuki-Miyaura coupling producing the relevant diarylketones at 1 atm CO and a low amount of the catalyst (0.2 mol%). The best productivity, over 95% of the ketone, was noted for Pd/GO-TiO 2 , which was also successfully recycled in four subsequent runs. The emission spectra of the Pd/GO-TiO 2 catalyst recovered after the catalytic process showed a decrease in the band intensity. This can be explained by the structural change and a recombination decrease in the electron-hole process. A better understanding of the emission process mechanism in Pd/GO composites requires further studies. However, our results showed that emission spectra can provide useful information about these catalytic systems.
Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/9/4/319/s1, Figure S1 : Emission spectra of Pd/GO and Pd/GO-TiO 2 at λex = 445 nm. 
